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 MINERVA
 What
e How

* Statistical problems and how we’ve solved them:
* Propagating systematic uncertainties
« Constraining the NuMI flux
* Unfolding
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Introduction: What

“* A neutrino detector in the NuMI
beam at Fermilab designed to
study v, and veinteractions with
nuclei (and to compare across
different nuclei)
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Introduction: What

Made of > 30,000 strips of plastic
scintillator interspersed with other
materials

Scintillator creates light when
charged particles move through it
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Introduction: What

A sample neutrino interaction in MINERVA:
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Introduction: What

 MINERVA measures cross sections — probabilities that some
processes will happen

« Often we measure differential cross sections with respect to some
variable

* For example, for our first measurement, we measured quasi-elastics
(the example on the previous slide) as a function of a variable called
Q2.

* Here is the basic recipe for a cross section:

( I ) B (M5 (Naatas — Nixs;) )

Q% & (OT) AQ2g,
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Introduction: How

* We start by a selecting a sample of events enriched with whatever

process we want to measure and bin them in the variable we want to
measure
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Introduction: How

* We then subtract our best estimate of backgrounds (almost always
constrained with a data fit or sideband)
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True Bins

Introduction: How
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* We unfold to correct for detector smearing in the variable we are
measuring (more on this shortly):
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Introduction: How

* We then correct for analysis efficiency (events lost due to our analysis
cuts) and detector acceptance (events lost due to detector geometry):
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Introduction: How

* Finally, we divide by the number of targets (usually nucleons) in our
detector and the number of neutrinos in our beam (more on this soon):
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Introduction: How

 And then we do that,

over and over and over again
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Propagating Systematic Uncertainties

* As everyone in this room definitely knows, a cross section
measurement is meaningless without an error bar (and
correlation matrix!)

 MINERVA cross section measurements have systematic
uncertainties from many sources, e.g.

* Neutrino flux

Mass of detector

Energy scales of reconstructed particles/energy

Tracking efficiencies

Models of neutrino interactions and FSI

Deadtime
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Propagating Systematic Uncertainties

* We assess systematic uncertainties in the usual way:

Perform analysis

Standard
simulation

Adjust a w,
parameter by L)
its

uncertainty

Perform analysis
Simulation with one

parameter ad] usted Different events pass cuts?

Measured values shift?
Events are re-weighted?
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Propagating Systematic Uncertainties

* When assessing systematic uncertainties due to many
correlated parameters, we use the “many-universe technique”
» Uncertain parameters are selected randomly from their probability

distributions

* This is done many times (100-1000)

For each set of parameters (ie in each
“universe”), a new simulated distribution is
produced corresponding to that universe

The RMS of of the predicted distribution in
a particular bin becomes the uncertainty

on that bin
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Propagating Systematic Uncertainties
* Correlations are also extracted from the universes

cross section in bin k of ith universe

1 histos l

cov(j, k:) e N Z (Vj - nij)(Vk - nik)

T

cross section in bin j of central value
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_— LA s
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Propagating Systematic Uncertainties

* The multi-universe method is so critical to MINERvVA's analysis
methods that we have created extensions of ROOT histogram

object to facilitate it:

L |

k!

Central-value
histogram

....T.o..a...o..a...q...y.—l

Error band (e.g. energy scale shift)

Another error band (e.g. flux NA49)
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Propagating Systematic Uncertainties

18

* The MnvH1D (and MnvH2D) class makes computing and
plotting systematic uncertainties straightforward
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Propagating Systematic Uncertainties

 As well as correlations:

Covariance matrix of
flux in neutrino
energy bins
requested by DUNE
that was easy since
we had flux
MnvH1D’s available

Antineutrino Mode
v

Neutrino Mode
\Y

Neutrino Mode Antineutrino Mode
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Propagating Systematic Uncertainties

* MnvH1D construction starts at the beginning of the analysis, and is
propagated through background subtraction, efficiency correction, etc.
This is extremely useful for understanding where systematics become a
problem:
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Propagating Systematic Uncertainties

* It also makes taking ratios of measurements with correlated

uncertainties extremely straightforward (ratios are calculated universe-
by-universe):

& do
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5 1y | different nuclei to
— | e scintillator
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o:o' "0z 04 06 08 10 12 14
Phys. Rev. Lett. 112, 231801 (2014) e Beran
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Propagating Systematic Uncertainties

* It also makes taking ratios of measurements with correlated
uncertainties extremely straightforward (ratios are calculated universe-

by-universe):
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- PRL 111, 022502 (2013) ~~am

Phys. Rev. Lett. 116, 081802 (2016)
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Propagating Systematic Uncertainties

» We have typically provided our results to the world in the form of cross
section values, errors and correlations matrix:
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Constraining the NuMI Flux
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Constraining the NuMI Flux

* One of our most important systematic uncertainties: the neutrino flux

n

e Target Hall & -
% = = ) - MNOS
u-:::cb 'm £ ‘V (~1 Km') Detector cavemn
s Wm
Hadron Monitor Sm Vm Am 0m

1D e

+ Flux integral is in the denominator of all of our cross
section; also is the starting point of simulations used
to estimated backgrounds, acceptance and smearing

Neutrinos/cm?’/GeV/POT

< Flux simulation starts with a GEANT4 simulation of 02
the NuMI beam line (G4NuMI) 0,00 e e
Energy (GeV)
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Constraining the NuMI Flux

* One problem: Geant4 does not always agree with external data:

f(x,.p,) = E d’o/dp’ = invariant production cross-section

f(x_, p.) for n* using FTFP_BERT L. Aliaga PhD thesis _ 5 Pr
10° mer— (FNAL-2016-03) Tp = 24—
107} Eem
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Xg
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Constraining the NuMI Flux

 We force the simulation to match external data

* How this works in practice:

* Complete information about cascades leading to a neutrino is
recorded for each proton on target and stored in the flux tuple

* Including interaction materials and ancestor kinematics
* In MINERVA analyses, neutrino events are weighted by:
o JData ($F,pT,E) dSO'

; JMc (xfapTaE) f B Ed—pg

WHP

*/' Weights for events with multiple
—

interactions are the product of
individual interaction weights
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Constraining the NuMI Flux

< Uncertainties on the external data constraints are propagated to
uncertainties on our flux using the many universes method:

28

For each event, in addition to the central
value weights, we also store many
(~1000) weights constructed from data
cross sections varied according to their
uncertainties (taking into account
correlations)
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Constraining the NuMI Flux

* The resulting flux / uncertainties:

29

Flux(v/ m? /GeV / 10°POT)

NuMI Low Energy Beam
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Constraining the NuMI Flux

* Also pioneering use of a “new” standard candle for
flux estimation: neutrino scattering on electrons: o =

Vi Vi . I B [ ]
5
0 -
I { o
Z 3 ]
/\ (-%- «.nu beam - R
e e I ERSIPi*e- e Sk -
Phys ReV. D 93, 112007 (2016) n~'5 0 5 10 15 20 25 30 35 40 45 S0 S5 60 65 70 75 80 85 90 95 100 105 110 115
Module Number
0 orsomiss - oun - Well understood electroweak process
“’ . 1‘”‘””7 L " . L L
i « Signal in MINERVA is a single electron moving
s " in the beam direction
-
“ * Process cross section is smaller than nucleus
' scattering by a factor of 2000 -> statistically
0

SO, B 2 limited
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Constraining the NuMI Flux

. Predicted number of signal
8 100:- .
« +o- events, given (an older
o B80f .
s | - version of) Geant4
m r ° ° o
= | simulation constrained
q POT-Normalized
3.43e+20 POT o .
o } with external data:
A s B 149 + 19
0 5 10 15 20
Electron Energy (GeV)
Observed in Data:
Phys. Rev. D 93, 112007 (2016)
135+ 17.0

How to combine this with our existing flux model?

2= Fermilab

31 Laura Fields | MINERVA 19/09/16



Constraining the NuMI Flux

We use a Bayesian argument:

Probability of our
Probability of a model measurement given the
given our measurement model

! !
P(M|Nyeve) % £(M)P(Nyeosye|M).

?

Prior probability of the
model

2= Fermilab
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Constraining the NuMI Flux

We use a Bayesian argument:

33

P(M|N ye—sse) < (M)P(Nyesye|M).

We estimate this by computing a
chi-square between the measured
electron energy distribution and the
prediction for the universe in
question

1 1 —3(N-M)TZJ(N-M

2= Fermilab
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Constraining the NuMI Flux

An example using the total number of predicted neutrino-electron

scattering events:

® 100F —— Before Constraint
'g ! ——— After Constraint
o 80f
h a4
L) ! | Mean (before): 109.4
> 60 - Mean (after): 99.5
-3 [ RMS (before): 12.7
@ 40 RMS (after): 7.3
e | r
Q. 20
! |
o ! A A A _H‘-\-l— e 2 | —
80 100 120 140 160
Number of ve — v e Events
34 Laura Fields | MINERVA

Each entry in the “before
constraint” distribution
corresponds to a “flux universe”

To produce “after constraint”,
each original entry is weighted
by the probability of that
universe given the neutrino-
electron scattering
measurement

1 L iN-myrsg (N-M
P(Nue—welM) = (27I)K/2|ZN|1/2e 3 )TES( )
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Constraining the NuMI Flux

The same weights can be applied to constrain the flux uncertainty
any quantity predicted by our simulation:

Phys. Rev. D 93, 112007 (2016)

220
? 200 - ~——— Before Constraint
e 180F —— After Constraint Probability
: 160 distributions for total
& 140F Mean (before): 27.9 muon neutrino flux
E 120 Mean (after): 25.9 integrated between
= 100F RMS (before): 2.4 0-10 GeV, before and
QS 80F ] RMS (after): 1.6 after constraint
o 3 After/before CV: 0.927
9 60 ; Frac err (before): 0.087
a 40f Frac err (after): 0.060
20F sﬁ
0 o 2 L L L
10 20 30 40 50 60 70

Flux (v, /m?/1 x 10° POT)

2= Fermilab
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Constraining the NuMI Flux

MINERVA Preliminary +* Gen2

3
o 0.12719 MINERVA Preliminary ¢ Gen2
> 0251 . 1 0'1-
§ oneonstrl > i —— Unconstrained
g I —_— | 8 o008
- : Constrained 8 ol "
-
é . . S o.osf ]
5 = 4 Tl |
1 . ,
E t 3 0.02|- |

- o] 2 & 6 8 10 12 & 16 18 3 ‘2"0"‘ Z 4 6 8 10 12 14 16 18 2
i3 o V— ~ 35,0 E, (GeV) ]
£F oss ; 098
g hd 1 E 097 |
t§: O ‘ - é:o.oo : ‘ '
N S S S T T R T R T T 0 2 4 6 8 10 12 14 16 18 20
E, (GeV) E, (GeV)

 This statistically limited result reduces MINERVA'’s flux uncertainties as a function of
energy by 10-20% (of the a priori uncertainties)
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Unfolding

2= Fermilab
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True Bins

Unfolding

* | promised you | would say more about unfolding:

1 4&1 O3 ical Errors Only 3(103 ical Errors Only
"'t MINERVA ¢ Vv Tracker — CCQE % 1.4 MINERvVA ¢ v Tracker — CCQE
% 1.2F S b
o .
3 r Y r
8 o 1= o 1;
~
Sosf 2 os
6 S - —+- Data 5 r —+- Data
$0,6: = Monte_Carlo E 0.6 F = Monte Carlo
4 c 5
go.4, 0.4F
w [ POT Normalized N POT Normalized
2 0.2f 1.01e+20 POT 0.2 1.01e+20 POT
0:‘ I B v n L OTHmumumumumu I A I
(‘b Pl 3 6 a 0 0 0.5 1 1.5 2 0 02040608 1 12141618 2
Reconstructed Q2 _ (GeV? Q2_(GeV?
Reco Bins ae ( ) ae ( )
S° A My ( Naata; — Ngred.
do AR 1] \ / Ydata,j data,j
- — \
402 & (OT) AQ2,.
QE /. i QE,i
Jt :
e Fermilab
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Unfolding

* We try hard to define analyses such that we are unfolding to correct for

detector smearing and not for highly model-dependent effects such as
final state interactions:

1.4 &1 O3 istical Errors Only 3(1 03

istical Errors Only
r  MINERVA ¢ Vv Tracker — CCQE % 1.4 MINERVA ¢ V Tracker = CCQE
o 1.2~ ) 1.2
5| z
& 1 S 1
v ~
Q0.8 —_— £ 038
© I —+- Data g L ¢ —+- Data
;0_6 i = Monte Carlo I.I>J 0.6} = Monte Carlo
= [
[= B C
00.4f 0.4F
w [ POT Normalized L POT Normalized
0.2f 1.01e+20 POT 0.2f 1.01+20 POT
G:HH\HH ! L G'Hmumumumumu‘ . A .
0 05 ! it 2 0 02040608 1 12141618 2
Reconstructed Q7 (GeV?) Q% (GeV?)

In principle, Q2 is the 4-momentum
transferred from the neutrino to the
final state nucleon
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Unfolding

* We try hard to define analyses such that we are unfolding to correct for

detector smearing and not for highly model-dependent effects such as
final state interactions:

1.4 &1 O3 istical Errors Only 3(1 03

r  MINERVA ¢ Vv Tracker — CCQE % 1.4 MINERVA ° VTracker.;> érrcora%'lv
N 1.2F o 1.2:
3 S |
0] o 1
308 P
S‘ F 4 Data B S 0'8: : — Data
..‘3 0_6: = Monte Carlo I.I>J 0.6} = Monte Carlo
§0-4: 0.4f
w - ) .
0.2f P oo 0.2 P e por
R — i 2 0 02040806 1 12141618 2
Reconstructed Q7 (GeV?) Q% (GeV?)
. . Even if we could perfectl
In practice (for this P y
. : ) i .8 - reconstruct the muon
analysis), we approximate  pqp _ ™ = (mp = Eo)® - mi 4 2my — BBy L i foo
Q2 using measurements of : 2(my — Ep — Ey + pycost,) the ori in’al nteraction Q2
the final state muon’s Qbe = 2E?F(E, — pucosf,) —m;, gin
energy and angle due to initial state nucleus
effects
2= Fermilab
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Unfolding

* We try hard to define analyses such that we are unfolding to correct for

detector smearing and not for highly model-dependent effects such as
final state interactions:

x10%

1.4& istical Errors Only 3(103 istical Errors Only
't MINERVA ¢ V Tracker = CCQE % 1.4 MINERVA ¢ V Tracker = CCQE
o 12 O af
> 3 C
& S 1k
~
7o)
Q0.8 —_— £ 038
o —+- Data dc, L ¢ —+- Data
; 0.6f = Monte Carlo I.I>J 0.6 = Monte Carlo
= [ [
[= B C
00.4f 0.4F
w [ POT Normalized L POT Normalized
0.2f 1.01e+20 POT 0.2f 1.01+20 POT
0 [ P B S v N L 0 V_A_A_A_LA_A_A_‘_A_A_A_LA_A’ . R S W .
0 0.5 1 1.5 2 0 02047 .vo 1 1.e 1618 2
Reconstructed Q7 (GeV?) Q% (GeV?)

So we don’t unfold to the original
Q2 of the nucleon interaction, but

m2 — (my, — Ep)? —m2 + 2(m, — E)E
the same quantity we reconstruct, EQF = =2 2(,,; —E, - E “+ p Co:g ) -
with reconstructed muon , 0F S
momenta replaced by true muon Qoe = 2By (Ey — pucosfy) —my,

momentum leaving the nucleus
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Unfolding

* This is not always possible:

2ndf=11318=141 048

o® / oCH

PUSS oSS N Summ——

7 A A A 1 A A 4 A
2 4 [ 8 10 12 14 & 8 2

Pnd=9768=122 Paa

ST

oFe | oo

: A A A A A A A A
2 4 6 8 10 12 14 168 8 20

ndi=5038=063 Dta

oPb / oCH

O O O w ok o wm owm owm DD D  an w o e o DD O e e e e o
o " M "

Neutrino Energy (GeV)
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For our charged current inclusive
measurements, we reconstruct
neutrino energy by adding muon
energy to calorimetricaly
corrected recoil

We have to rely heavily on models
to tell us the relationship between
the recoil energy we see in the
detector and the true recoil
energy (e.g. the number of
neutrons that leave the detector)
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Unfolding

* We use iterative bayesian unfolding as implemented in RooUnfold

Bayesian Method

The Bayes' theorem is used repeatedly to get the best
stimates of the true distribution [1]. Considering:

a(C)=2 ., MnlE)
* i#(C) : Unfolded distribution.

* M_ :Unfolding Matrix
* n(£)) : Folded distribution

crsssnsnsnem,

®

The Bayesian method is used for calculating the
unfolding matrix:

— P( EjICi)nO( Ci)
Y
P(E \C) : Migration Matrix

€, . Efficiencies

£, :tolded prior distribution
n(C.) : arbitrary, then updated from previous a(c,) it

M

[1JA multimensicnal urfolding method based on Bayes' theorem.
G0 Agostini, NIM-A Vol 362, No, 2-3. (15 August 1995)

e

e T e
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Unfolding

* The big question for every analysis: how many iterations?

* More iterations give you less model dependence but higher
statistical uncertainties

f Absolutely normalized (3.49 x 10 P.O.T.) —Bin 1
QO 160 Innor errors statistical only

: 140 -+ Dats —-Bin 2
% - —Bin 3
9 . l —~Bin 4

100 : o
% L * Electron neutrino Bin 5
o 80 + ~Bin6
0 = | 0.15 J Wolcott Thesis, ~Bin8
'8‘?3020 -0.2F FERMILAB-THESIS-2015-26 | Bin9
1“.1-“1?{"#.?122”1“" S e—— 02 e PP | N THTPY PPPTY PPTTy TPy P
002040608 1 12141618 2 LR :,n fjldi: It:m::on
Qe (GeV?) g
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Unfolding

* The big question for every analysis: how many iterations?

« Each analyzer does a study where they warp the underlying MC
distribution and study how many iterations are required to ‘recover’
the original MC distribution

1 —~ e
o

05

f(x) = 0.30 log(x) + 0.18

0

0.5

-1 -
0O 1 2 3 4 5 6 7
Iteration

Bin + (pull mean or pull ¢ - 1)
-

S5 4 3 2 190 1 2 3 &4 8
0 5 10 15 20 25 30 35 40 45 Ml-%m

Reconstructed 6, (deg)

(a) Electron angle

2% Fermilab

45 Laura Fields | MINERVA 19/09/16



Unfolding Systematic Uncertainties

* Systematic uncertainties due to model dependence of the

unfolding is assessed by performing unfolding in all of the
varied systematic universes

In principle, you’d want to vary the

45000 p—
40000 1
35000
unfolding matrix for all systematics £5000
15000
variation 5000
0 20 40 60 £9 100 120

muon energy (GeV)

In practice, we find this inflates systematic

uncertainties with statistical fluctuations; i
we generally only vary the unfolding 1000 |
S000
matrix in cases where we expect the e R L —%  ww
muen energy (GeV)

variation to impact the matrix
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Unfolding

* And in some cases we don’t unsmear at all:

yindf = 6.05/6= 1.01

For example, charge current
inclusive ratios across nuclear
targets as a function of x, which
has large amounts of smearing

00 02 04 06 08 10 12 14

fnim:zsm 431

Q2

high x = more elastic

€Tr =

i i i i i i
00 02 04 08 03 10 12 14

Phys. Rev. Lett. 112, 231801

2 _ 2Mv
o= swfe ..... 974f o

Yoo e v =B~ B

'-’8?5:3; Q2 =2E, (E, — pucos (6,))
iy SO DU DOUY VU DU DO DO

00 02 0 4 0 8 [F:} 10 12 1 4‘
Reconstructed Bjorken x
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Unfolding

* And in some cases we don’t unsmear at all:

6. 05/6 1 01

+m """"" e For example, charge current

T _} inclusive ratios across nuclear
ey = targets as a function of x, which

i
,,,,,,, - .
055 0d I os T &0 has large amounts of smearing
fondt= 576 =a3t Q
+-éi'?%‘mm ---------- Skl oms
S { = . 2
N S | — B &
4 Ve B | 5 3
. ] z g
o8 i i i . 5—. i ’j ' ¢ g
00 02 04 06 08 10 12 14 G) 2 3 g
20 M i "
: . 2
N i
1 > § 1
= ;
ol Il

A A 1 " 1 L
0.2 04 08 08 1
Reconstructed Bjorken x

1T T T (b) z;, Lead of Target 4
00 02 04 08 [F:} 10 12 14
Reconstructed Bjorken x
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Conclusion

 MINERVA has lots of data
« With it comes a lot of statistical challenges

* We try to do a good job of meeting them, in spite of none of us being
statisticians

* In some cases (e.g. flux constraint), we are developing techniques
that are likely to be useful to future oscillation experiments

* Your comments are welcome!
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From the MINERVA Collaboration:
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Searching for Rare Processes:
Coherent Kaon Production

2= Fermilab
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Introduction: Why

 MINERVA makes measurements that support long-baseline

experiments such as DUNE

Expected ve and Ve
energy spectra that will be
observed at DUNE, for—>

different values of the ocp

v, spectrum (NH)

1

L

34 ion LAr @ 1200 km
3 yrs v mode

80 GeV p beam, 1.2 MW
sin’(20,,) = 0.09

v, spectrum (NH)

Events/0 26 GaV

34 kion LAr @ 1300 km  — Signed, 5, = 0°
yrs ¥ mode Sgnal, &, = 80°

3

80 GaV p beam, 1.2 MW —— Signal, §_, = 50"
si’(20,,) = 0.09 C3INne

3 @, +v,)CC
v CC
) Beam (v +v,)CC

I

1

LBNE arXiv:1307.7335

* DUNE will make many of its measurement by comparing what

they see with predictions

52 Laura Fields | MINERVA

2% Fermilab

19/09/16



Introduction: Why

v, spectrum (NH)

150y

34 iton LAr @ 1300 km

3 yrs v mode

80 GeV p beam, 1.2 MW

sin’(20,,) = 0.09

— Signal, 8, = 0"
Signw, 5, = 90°

—SOM.Q;,"W

ENe

v, spectrum (NH)
R S I S—
34 kton LAr @ 1300 km  — Signal, 5, = 0°
3 yrs ¥ mode Signal, 8, = 90°
80 GeV p beam, 1.2 MW — Signal, &, = -50°
s’ (29,,) = 0.09 C3aNe
. EREv)cC |

o R

) Beam (v, +v,) CC
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+ To produce these predictions, we need a
detailed model of neutrino interactions with

matter

+ list of all the types of neutrino
interaction processes that can occur in
the detector

+ The probability that each process will
happen (which we call the cross-
section)

+ What they look like when they do

+ This is one of the biggest source of
systematic uncertainty for experiments like
DUNE
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Introduction: How

* We typically compare our final cross sections to models, and make the
data available to future model tuners:

10> MINERVA Preliminary ® ¥ Tracker — CCQE

§ 181 ¢ data
O 16F NuWro RFG M,=1.35
% 5 E— NuWro RFG M,=0.99 e MINER VA Preliminary ® ¥ Tracker —» CCQE
© b ——— GENIE RFG M,=0.99 2oFE-
Pé E NuWro SF M,=0.99 .2 E_ + data ~— NuWro RFG M, =1.35
S 8 E —— GENIE RFG M,=0.99 - NuWro RFG M,=0.99 + TEM
g 6 ~ & 18 F —— NuWro RFGM,=0.99 - NuWro SFM,=099
z 2z = /
® F O j4F
8§ 2F 15<E <10Gev o . E
0: [ - 2 o | o . 2 o b o 2 -—._. — T i - 12 :-_'-_
0 0.5 1 15 2 2 E
© =
Q2 (GeV?) @ 08F
0.6F
04F 1.5<E_ <10 GeV
Phys. Rev. Lett. 111, 022501 (2013) 0.2'2 bt e
: 10 10 1
arXiv:1305.2234
Q3 (GeV?)
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Constraining the NuMI Flux

* One problem: Geant4 does not always agree with external data:

f(x,.p,) = E d’o/dp’ = invariant production cross-section

Py
f(x,, p,)for = using FTFP_BERT Tp = 2 o
FY, | PR Mkl M —— P — cm
. xF=0.O5
350 ! Xg=0.10 Transverse Momentum vs Feynman x for x*
L ¢ ; X=0.15 . LE Neutsno Mode
sw Xy =0.20 1 1 16000
(')A
O 14000
a=250f e ¢ o data > 08
> [ . Eor. Moy 90890791 0 07 1m<
o
8 200 ol — montocarlo . <
;’ ! ! Gewwd Versiom 9_2_p08 ] g 06 10«)0%
D50 2 2
E S 3
~— - Qo4 8
100 l =

3

O

7005 0.1 0.15 02 025 03 035 04 045 05 055 0.6

P, (GeV/c)

03 04 05 06 07 08
Xg

02 g‘
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Unfolding

* Unfolding becomes and even greater challenge for analyses
measuring two dimensional cross sections:

Migration: v QE-like 6,<20

—A
o
o

g 100 — MINERVA Prrliminfry %
5 - O
|—:L B oE
o 80 — Moving to next - =
Q=1 = subplot is a 1 bin g
shift in pr >
m . -
3 6o p '
- B P Q
. - o
40 e - Moving within a ‘g
- - subplot is a shift Q
20 __ -'-' in P e
: o
n (o
o B PRSI PN SRY ST | RS S PRI B ETY ST O
0 20 40 60 80 100

Reco p /p_ bins
Py/Pr, - .‘ermilab
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Unfolding

* Unfolding becomes and even greater challenge for analyses
measuring two dimensional cross sections:

v QE-like MINERvA
. 15<p <2GeV = 2<p <25GeV = 25<p <3GeV 3<p <35GeV
T 4 L] Fobd L
[&] 2 | t g g
2 & [ 1 : ‘fJ 2 ‘ f J_\T
E )!-E . . i
s : L.} rJ :
3 ! 3.5<p’I <4 GeV 4<p,| < 4.5 GeV 4.5<p_I <5 GeV 5<p| <6 GeV
g ? ’ : : : ’
S PU : : :
3 s . — : P :
:9 35}_‘H J'J ‘—‘-1 ot .
PYY : —‘—l R . g e 1 E .
- - = . F T Y R T B T
i < < : <p < < <
-g . 6 P, 8 GeV : 8<p ’ 10 GeV 10 P ’ 15 GeV -
S
L — Simulation

08

: N ; POT Normalized
» Tzr 04 0% oa‘ ! 12 14 | F3 Aoa ‘oc 08 [ 12 14 | 82 04 0% 08 1 12 14 Data POT 102E+20
FERMILAB-THESIS-2015-26 MC POT: 9.25E+20
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Kaon Production

58

Kaon production by neutrinos is interesting because it is a
background to proton decay measurements

One potential source of kaon production is coherent kaon production

Veeery small cross section — never seen before

« But MINERVA went looking for it

/‘L;‘Olll‘;; &". !;.' “© ".
Module number

Laura Fields | MINERVA

(a)

vvvvvvvv

’ e ' FIG. 1: Feynman diagram for coherent charged kaon produc-
T rm e tion. The square of the momentum transfer to the nucleus is
|Apx|* = |g = px[* = |t].

Phys. Rev. Lett. 117, 061802 (2016)
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Kaon Production

DATA | 20
CC K* candidate |
nu beam - R 13
— S ACEEEESE i
-_‘ |
e ~. 10
-~ 5
-.“"""-".- :
..r""":,‘ 0
DATA
background
candidate .5
\'.‘ \-4 \" \'ﬁ l‘: l'.‘ L'l A.l l‘l ‘4'1 ';‘ \'l ‘Lk '..l l-”. A.: ':l ‘Y‘ 4-'A Y.Kr .".‘ .“l V.l "l .'7 A:' l'l A I'l )" 0‘: l'(‘b.' ; '.Z'l".:'.".:'-ll?'llr'-l:hl:-'l:l o
Module Number
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Hit time - Vertex time (ns)

Key distinguishing
feature of kaons for
MINERVA: time
separation of kaon
and decay products

Here, color denotes
hit time
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Kaon Production

« Charged current K+ production cross section shows reasonably good
agreement with simulation.

* This measurement increased the world’s sample of K+ production events from
neutrinos from dozens to thousands!

https://arxiv.org/abs/1604.03920

%1073 v, Tracker — w K* X 0.5
; - MINERVA —+—Dt 3 . § —— Total Error ~ =---- Statistical
8 1.2~ 3.51E20 POT ata % 0.45 —— Background model —— Energy scale
B —_— : - —— FI — K int ti
- Simulation T 0.4 __ scanning Sideband tuning
g i g 0_355_ —— Signal model
(&) = [
S o8f 2 o3F
= (14 [
s = € 0.25F
E oef §%% M .
O . 5 0.25—
= 04f T T s
L) i LL u L eemeeeseanas
B oo 0.1 |4.':|;
C 0.05F ‘ l |
O_'"""""""""""' OTI....I....I....I....
0 100 200 300 400 500 0 100 200 300 400 500
K* kinetic energy (MeV) K* kinetic energy (MeV)
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https://arxiv.org/abs/1604.03920

Neutral Current Diffractive Pion Production

arXiv:1604.01728,
Phys. Rev. Lett. 116, 081802 (2016)

a8 [ Statsical uncertanties only
g S00T  Avsoldey omaized fo
&
400}
5 6
Min 100mm dE/dx in first 500 men (MeVicm)
200k | Sometimes when we
go hunting for the
L ZSTTHhi golfballs of
£ 15 H oscillation
B 1 vennphondennannnnn + o .
g.. o, i { experiments. ..
Y 1 2 3 4 5 6 7 8
Min 100mm dE/dx in first 500mm (MeV/cm)
2= Fermilab
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Neutral Current Diffractive Pion Production

arXiv:1604.01728,
Phys. Rev. Lett. 116, 081802 (2016)

3 [ Statistical uncertainties only -
§ T foveysomemg k.
@
400}
5 6
I < Min 100mm dE/dx in first 500 men (MeVicm)
w—f= Data
200f 7] Finai-state o*
[E5] Finat-stote =
____________ ) over
g B e P B ++ ——
8 - +++--..a-e*"'**"' +*++4+++{HH=
8 05 | LU
% 1 2 3 4 5 6 7 8

Min 100mm dE/dx in first 500mm (MeV/cm)
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... we also find
alligators!
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Fraction of events

Fraction of events

Neutral Current Diffractive Pion Production
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Two-photon Shower
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